One of the most widespread invasive alien species (IAS) in aquatic ecosystems is the Asian clam Corbicula fluminea. Several studies have shown that C. fluminea can cause large-scale changes in macrozoobenthic assemblages; however, very few attempted to investigate the effects of this IAS on mobile epibenthic species, such as fishes and crustaceans. In this context, the influence of C. fluminea on epibenthic species was investigated during one year by comparing the associated epibenthic fauna in three nearby sites of the Minho estuary (NW of the Iberian Peninsula), wherein the abiotic conditions are similar but the density of the Asian clam is highly different. From a total of 13 species, six were significantly influenced by C. fluminea; five responded positively, namely the brown shrimp Crangon crangon, the European eel Anguilla anguilla, the common goby Pomatoschistus microps, the brown trout Salmo trutta fario and the great pipefish Syngnathus acus, whereas the shore crab Carcinus maenas was negatively influenced. However, stomach contents analysis revealed that fish and crustacean species do not feed on C. fluminea, suggesting that this IAS is still not a large component of the diet of higher trophic levels in this estuarine ecosystem. Our results suggest that the structure provided by C. fluminea shells is likely to be one of the main factors responsible for the differences observed. C. fluminea physical structure seems to influence the epibenthic associated fauna, when found in densities higher than 1000 ind./m 2 , with sedentary small-bodied crustaceans and fishes being mainly attracted by the increasing in habitat complexity and consequent enhancement of heterogeneity and shelter availability.
Introduction
Invasive alien species (IAS) are one of the most significant threats affecting the integrity of aquatic ecosystems (Richter et al., 1997; Grosholz, 2002) . In recent years, aquatic ecosystems have been subjected to numerous introductions which contributed for significant changes in structure and functioning of the invaded systems (Byrnes et al., 2007; Strayer, 2010) . Via physico-chemical (e.g. light availability, nutrient levels, heat transfer, habitat complexity and physical transport of materials) and biological (e.g. diversity, spatial distribution, biotic interactions affecting the density and biomass of other species) changes, IAS can be responsible for impacts ranging from the individual to the ecosystem level Simberloff et al., 2013) . However, due to the high context dependency, it is difficult to predict the potential impacts of IAS in a new environment. The potential impacts of IAS, in part, can be related to the complex organismeorganism and organismehabitat interactions, as well as the impacts of a particular species which can vary across different geographic locations (Mayer et al., 2000; Ricciardi and Atkinson, 2004; Ward and Ricciardi, 2007) .
The structural complexity created by some IAS can directly or indirectly modify communities and ecosystems, given that invasive species have the capacity to modulate the availability of resources to other species, by physically creating, modifying and maintaining habitats (i.e. physical ecosystem engineering; Crooks, 2002) . Bivalves are one of the most invasive faunal groups in aquatic ecosystems and their engineering attributes can markedly affect biological communities, ecosystem processes and functions (Sousa et al., 2009, in press ). The hardness of their shells plays an important role in bivalve ecological success, once it can preclude the access of predators (Wright et al., 2012) . Indeed, it can also contribute to important physical modifications (i.e. provision of substrata for attachment, provision of shelter from predators, physical and/or physiological stress, affecting also the transport of particles and solutes in the benthic environment; Gutiérrez et al., 2003) that can greatly influence the associated fauna (Werner and Rothhaupt, 2007; Zaiko et al., 2009; .
Currently, one of the most widespread IAS in aquatic ecosystems is the Asian clam Corbicula fluminea (Sousa et al., 2008d) . It was first recorded in Europe at least in the early 1980s (Mouthon, 1981) , and now it occurs in almost all European countries . In Portugal, C. fluminea was firstly reported in the early 1980's (Mouthon, 1981) , presently occurs in most Portuguese hydrological basins, including many estuarine systems (Sousa et al., 2007a) . Since 2004, studies focusing on C. fluminea ecology were intensified in the Minho River (NW of the Iberian Peninsula). Most of these studies further confirmed the high invasive potential of the species, showing that C. fluminea dominates the infauna community in terms of density, biomass, and secondary production in the last 70 km of the Minho River (Sousa et al., 2007b (Sousa et al., , 2008a . Also, C. fluminea can influence the habitat heterogeneity, by modifying the diversity of the macrozoobenthic assemblages favoring sessile crustaceans, gastropods and insects and negatively affecting other bivalve species . However, nothing is known about the influence of C. fluminea on mobile epibenthic species. In this context, our aims were threefold: (a) to examine whether different densities of C. fluminea influence the epibenthic assemblages, (b) to investigate possible seasonal changes in the epibenthic assemblages responding to different C. fluminea densities, and (c) to examine through stomach content analysis whether the epibenthic species prey on C. fluminea.
Materials and methods

Study area and sampling campaign
The Minho estuary (NW Iberian Peninsula) has a maximum length of 40 km and covers an area of approx. 23 km 2 (Sousa et al., 2007b) . Detailed description of the macrozoobenthic assemblages and main abiotic characteristics of this area can be found in previous studies (Sousa et al., 2005 (Sousa et al., , 2008c . The present study was performed in three selected sites at the lower estuary (situated about 8 km from the river mouth) (Fig.1) . The selected sites are near to each other, with the site 1 (S1) located about 400 m away from site 2 (S2) and about 800 m away from site 3 (S3). The selected study area presents an annual average depth that ranged between 2.0 and 2.5 m and the Minho estuary is classified as a mesotidal and partially mixed system (Ferreira et al., 2003) , although during periods of high river discharge, it tends towards a salt wedge estuary (Sousa et al., 2005) . The water current varied from moderate to strong and these variations are due to the tidal influence or to upstream river discharge (Ferreira et al., 2003) . The substratum is composed mainly by sandy sediments, debris, leaf litter and Corbicula fluminea shells (live and dead). In order to characterized the epibenthic assemblages, tows were performed and fyke-nets were placed during an annual cycle (four seasons), from January to November. Four replicate tows per site in each of the four seasons (total of 48 samples) were performed always during the day at high tide using a beam trawl (5 mm mesh size) towed at constant speed (2 km h À1 ) for 90 s, corresponding to a total distance of 50 m (Freitas et al., 2009) . Whereas, for the fykenets (10 mm mesh, 0.7 m diameter mouth, 7 m long, 3.5 m central wing) six replicates per site in each of the four seasons were collected (total of 72 samples). Fyke-nets remained underwater for 24 h. All individuals caught for both tows and fyke-nets were counted and measured to the nearest 0.1 mm. At each site, during low tides, environmental variables (water temperature, salinity, pH, dissolved oxygen (DO) and redox potential (ORP)) were also measured with a multiparameter probe YSI 6820.
Gut contents of the fishes and crustaceans sampled by fyke-nets, in the three selected sites, were analyzed using a stereomicroscope, in order to check whether these species had parts and/or traces of Corbicula fluminea in their digestive tracts.
Data analysis
Analysis of similarities (ANOSIM) was performed to explore the abiotic data patterns over space and time. Initially, all variables were normalised. A posteriori, a resemblance matrix based on the Euclidean distances was calculated, and then an ANOSIM made in a two-way crossed design, with site (that refers to Corbicula fluminea density) as a fixed factor (three levels: S1, S2 and S3) and season as a fixed factor (four levels: winter, spring, summer and autumn). In addition, with the normalized matrix, a principal component analysis (PCA) was conducted to test the possible abiotic differences among sites.
Subsequently, a permutational multivariate analysis of variance (PERMANOVA) was made to explore Corbicula fluminea density and the associated fauna patterns over space and time. This method analyses the variance of multivariate data explained by a set of explanatory factors on the basis of any distance or dissimilarity measure of choice, thereby allowing for a wide range of empirical data distributions (Anderson, 2001) . C. fluminea density was statistically tested using a two-way PERMANOVA (type-III) in a twoway crossed design, with sites (three levels: S1, S2 and S3) and seasons (four levels: winter, spring, summer and autumn) as fixed factors. For the associated fauna, the data collected in tows were analyzed separately from the data collected in the fyke-nets. The overall density, and the density of each species collected in the tows and fyke-nets were statistically tested using the two-way PER-MANOVA (type-III) tests with the same design described above. In addition, the ecological indexes (species richness (S), Shannone Wiener index (H 0 ) and Pielou's evenness index (J 0 )) of the tows and fyke-nets associated fauna were calculated through the DIVERSE analysis. Subsequently, two-way PERMANOVA (type-III) tests using the same design previously described were used to the ecological indices. In all PERMANOVA tests, the statistical significance of variance was tested using 9999 permutations of residuals under a reduced model. When the number of permutations was lower than 150, the Monte Carlo p-value was considered. Pairwise comparisons between the two levels of each significant factor were also performed for all PERMANOVA tests.
A canonical analysis of principal coordinates (CAP) was also performed with the fauna collected associated to the tows and fyke-nets. CAP is a constrained ordination procedure that initially calculates unconstrained principal coordinate axes, followed by canonical discriminant analysis on the principal coordinates to maximize separation between predefined groups (Anderson and Robinson, 2003) . For this analysis data were normalised and the Euclidian distance used (factors: site and season).
In addition, a Distance-based Linear Model (DistLM) procedure was used to analyze the relationship between the increasing density of Corbicula fluminea and the associated fauna (tows and fykenets). For the model used for the DistLM, the AIC (Akaike Information Criterion) was selected, basing the analysis on the Euclidean distance resemblance measure of the associated fauna (abundance data).
PRIMER analytical software (vers. 6.1.6, PRIMER-E Ltd, Plymouth, U.K.) with PERMANOVAþ1.0.1 add-on (Anderson et al., 2008) was used for all multivariate routines.
Results
Abiotic characterization
The two-way ANOSIM showed that there were no statistical differences in abiotic data (temperature, salinity, pH, DO and ORP) between sampling sites (Rho ¼ 0.25; p > 0.05); however, significant differences were detected among seasons (Rho ¼ 0.91; p < 0.05) ( Table 1) .
The PCA analysis revealed a marked difference among seasons. Its first two axes explained 89.0% of the variance (PC1 ¼ 70.6% and PC2 ¼ 18.4%), with all the abiotic parameters of each season differing from each other (Fig. 2) . Summer presented the highest values of salinity, temperature and pH. The difference between seasons was mainly related to the higher values of dissolved oxygen during spring. Winter and autumn also presented higher values of redox potential but differed mainly due to lower values of salinity measured during the winter (Fig. 2 ).
Biotic characterization
C. fluminea density
The density of Corbicula fluminea varied significantly throughout the sampling sites (sites: Pseudo-F ¼ 359.58, p < 0.001). S1 presented the lowest values of annual C. fluminea density (mean AE SE) (270.0 AE 147.25 ind. m À2 ), followed by S2 (density:
1047.5 AE 161.27 ind. m À2 ) and S3 (density: 2986.25 AE 210.85 ind. m À2 ) (Fig. 3 ).
Epibenthic assemblages e tows
A total of 5512 individuals from nine species were collected in tows. Fishes were the most diverse group (five species) accounting for 39.7% of the total number of individuals caught, while crustaceans (four species) were the most abundant group (60.3%). Two species accounted for 87.6% of the individuals caught, namely the brown shrimp Crangon crangon (53.9%) and the common goby Pomatoschistus microps (33.7%).
The density of individuals varied through space and time (Table 2) . Crangon crangon, Pomatoschistus microps, Carcinus maenas and Syngnathus acus also varied significantly throughout the sampling sites and seasons (Table 2) . However, the freshwater shrimp Atyaephyra desmarestii, the common prawn Palaemon serratus and the European flounder Platichthys flesus varied significantly only through time (Table 2) .
The pairwise tests suggested that most of the spatial variations were associated to the high density of individuals observed in the sampling sites S2 and S3, while the seasonal variations were related to the high density of individuals recorded in summer and autumn; the exception was Atyaephyra desmarestii that presented the highest density during winter and spring (Table 2) .
Similarly, the CAP analysis also showed that S2 was different from the other sampling sites and summer and autumn were different from the other seasons (Fig. 4) . The CAP results also suggested that the spatial and temporal variations were important for the distinction of the epibenthic assemblage, separating them, in different groups. Significant seasonal variations were also recorded for species richness and diversity (S-Pseudo-F ¼ 24.79, p < 0.001; H 0 -pseudo-F ¼ 13.32, p < 0.001) (ESM 1).
The DistLM showed a significant relationship between Corbicula fluminea density and the tows associated fauna during winter and autumn (Table 3) . 3.2.3. Epibenthic assemblages e fyke-nets A total of 1335 individuals belonging to ten species were collected in fyke-nets. Fishes were the most diverse group (seven species), representing 27.3% of the total number of individuals collected. Similarly with the tows results, crustaceans (three species) were the most abundant group, accounting for 72.7% of the total of specimens collected. The most abundant species were the common prawn Palaemon serratus (50.0%), the shore crab Carcinus maenas (21.9%) and the European eel Anguilla anguilla (16.4%).
Among all collected species only the shore crab Carcinus maenas and the brown trout Salmo trutta fario varied through space and time (Table 4) . Moreover, Anguilla anguilla presented significant differences among sampling sites (Table 4 ). There were significant differences for the abundance of individuals through seasons across most of the species: A. anguilla, Platichthys flesus, Palaemon serratus, Syngnathus acus, S. trutta fario and S. trutta trutta (Table 4) .
In the pairwise results, almost no differences were observed between sampling sites, while summer was responsible for most of the differences observed among seasons (Table 4 ). The CAP analysis showed no distinction between sampling sites, whereas for temporal results summer was different from all the other seasons (Fig. 5) .
Regarding the comparison among ecological indices, richness was the only index that presented significant differences through space and time (sites: Pseudo-F ¼ 5.15, p < 0.01 and seasons: Pseudo-F ¼ 25.09, p < 0.001). For species diversity and evenness, differences were only detected among seasons (H 0 -Pseudo-F ¼ 15.40, p < 0.001; J 0 -Pseudo-F ¼ 7.99, p < 0.001) (ESM 2). The DistLM indicated that there is no significant relationship between Corbicula fluminea density and the fyke-nets associated fauna.
Epibenthic assemblages e tows versus fyke-nets
More species (44.4%) and individuals (93.5%) responded to the different densities of Corbicula fluminea in the tows than in the fyke-nets (30% and 38.9%, respectively).
Gut content analyses
A total of 365 fishes had their stomach contents analyzed: 
Discussion
Our results suggest that some epibenthic crustacean and fish species significantly responded to the spatial and temporal variations for both sampling techniques. More species and individuals responded to the different densities of Corbicula fluminea in the tows than in the fyke-nets suggesting that the structure provided by C. fluminea seems to favor the sedentary small-bodied species that are usually collected in tows. The DistLM results strengthen this finding. These species probably use the available substrata provided by C. fluminea shells as refuges to avoid predators and competitors and physical and/or physiological stress (Gutiérrez et al., 2003) . The high filtration rates and the high capacity of sediment reworking of C. fluminea can contribute to important abiotic changes in water clarity, oxygen, redox potential, amount of organic matter, particle size and sediment chemistry (Phelps, 1994; Hakenkamp and Palmer, 1999; Hakenkamp et al., 2001; Vaughn and Hakenkamp, 2001; Sousa et al., 2009) , which can also directly or indirectly influence the density of sedentary smallbodied epibenthic species.
The species Crangon crangon, Carcinus maenas, Pomatoschistus microps and Syngnathus acus captured in the tows were influenced by Corbicula fluminea increasing densities all over the seasons. However, only C. crangon, P. microps and S. acus increased their densities with increased C. fluminea density. For these species, the structure provided by C. fluminea shells is likely to be one of the main factors responsible for the differences observed, when the abiotic factors did not vary throughout the sites. It is also of note that the deposition of ingested particles as faeces and pseudofaeces by C. fluminea can be used as an important food resource and this cannot be omitted as an important contributing factor for the results obtained (Ricciardi et al., 1997 ). Furthermore, Corbicula fluminea associated fauna (described in detail in is probably an important food resource for Crangon crangon (Oh et al., 2001; , Pomatoschistus microps (Leitão et al., 2006) and Syngnathus acus (Kedrick and Hyndes, 2005; Oliveira et al., 2007) . Since sites with high densities of C. fluminea have a higher density of macrozoobenthic potential prey it is possible that the above mentioned epibenthic species respond positively to this situation. In addition, Pomatoschistus spp. species may use bivalve shells to establish territory and guard eggs (Nyman, 1953) and probable P. microps also use C. fluminea shells for this purpose. The same is true for Syngnathids since highly complex habitats provided by bivalves allow them to be better camouflaged (Ryer, 1988; Berglund, 1993) and shells are one of the components used by Syngnathidae individuals as holdfasts (Rosa et al., 2007) .
In contrast, the shore crab Carcinus maenas presented higher densities in S1, thus was negatively influenced by the density of Corbicula fluminea. However, in the case of C. maenas its preference for areas with low C. fluminea densities can be related to the ecological interactions among associated fauna, since C. maenas also prey on species associated to C. fluminea such as the brown shrimp and the common goby that are among the preferred prey items of C. maenas inside estuaries (Baeta et al., 2006 ). In addition, is possible that the high shelter availability provided by C. fluminea shells in S2 and S3 may impair the predatory capacity of the shore crab and so C. maenas may prefer S1, given that in this site it can feed more efficiently on its prey. However, further studies are necessary to better understand the ecological interactions between C. maenas and the associated fauna.
In the fyke-nets the species Carcinus maenas, Anguilla anguilla and Salmo trutta fario were influenced by Corbicula fluminea increasing densities during the different seasons. C. maenas presented the same pattern observed for the tows. However, A. anguilla in most of the seasons increased its density with C. fluminea increased density; this was also observed for S. trutta fario, except that this species was only observed in the winter. These two species present a diversified diet, represented mainly by benthic macrozoobenthic and fish species; they probably use C. fluminea structure for foraging activity, since no trace of C. fluminea were found in their gut contents. Sites with high densities of C. fluminea are colonized by several macrozoobenthic and fish species that were already described to be part of the European eel and brown trout diets (De Nie, 1987; Froese and Pauly, 2012) . Despite A. anguilla being an opportunistic feeder (Schulze et al., 2004) , some studies have also demonstrated that this species has a preference for chironomid larvae (Doemer et al., 2006) , which was one of the main items associated to C. fluminea in the study area .
In addition to the spatial differences observed for the epibenthic species, strong seasonal variations were also detected. This is probably due to the high variation of the abiotic factors through seasons, especially salinity, temperature and river discharge. Indeed, the selected sites are located in a transient area in which, depending on the season, there is a great input of salt water (mainly in the summer), due to the tide influence (e.g. in summer during high tides salinity can reach 20 in the study area), or freshwater, as a result of the river discharge (e.g. in winter salinity is almost always around 0.05).
Furthermore, the fish and crustaceans species of the Minho estuary do not seem to prey on Corbicula fluminea and this could also be one of the reasons behind the high densities of C. fluminea in this area. It is possible that these species do not present the morphological pre-adaptations for a molluscivorous diet to act as C. fluminea predators. According to Oliveira et al. (2010) , only species that can break the valves of bivalves are successful with this kind of prey. In fact, the activity of mollusc-feeding fishes is Table 3 Results of the DistLM analysis performed with the epibenthic fauna data collected in the tows during the seasons in which significant relationship between C. fluminea density and the epibenthic associated fauna were observed. considered an effective regulator of mollusc populations (Slootweg et al., 1993) . However, it is of note that C. fluminea juveniles were previously recorded in the gut contents of a few Platichthys flesus and Salmo trutta fario (Ilarri, personal observation), but always in very low abundance. Although C. fluminea seems to have no predators (or at least is subjected to a low predation pressure) in the Minho estuary, it is possible that eventually co-occurring species might adapt to prey on it; Carlsson et al. (2011) suggested that native predators need time to adapt to feed effectively on a nonnative resource. In addition, Garcia and Protogino (2005) observed that several fish species of Río de la Plata (Argentina) have modified their diet over time to feed on C. fluminea and on the golden mussel Limnoperna fortunei. However, the first record of C. fluminea in the Minho estuary was in 1989 (Araujo et al., 1993) and after more than two decades, C. fluminea is still barely found in the stomach contents of crustaceans and fishes on this estuarine system. On the other hand, C. fluminea by feeding on primary producers and by normally being eaten by predators, occupies a central position in the food web (Lercari and Bergamino, 2011) , once it can connect benthic and pelagic compartments. However, in the Minho estuary, due to the absence of predators, it is possible that C. fluminea do not make this connection between the different compartments (the exception occur when this species is subject to very large mortalities; Ilarri et al., 2011; Sousa et al., 2012) .
There are few studies that tested the influence of invasive bivalve species on the higher trophic levels and in most of the cases these were performed with Dreissenid mussels (zebra mussel Dreissena polymorpha and quagga mussel Dreissena bugensis) and Crassostrea gigas. Different results were reported, with some studies showing an increase of the density and diversity (Karataev and Burlakova, 1995; Hosack, 2003; Ruesink et al., 2005) , others a decrease (Ryan et al., 1999; Pothoven and Madenjian, 2008) , while others presented no influence (Richardson and Bartsch, 1997; Trometer and Busch, 1999) . Several studies suggested that the influence of invasive bivalves on macroinvertebrate and pelagic assemblages is difficult to predict, since it depends of various ecological factors that are highly context dependent (Strayer et al., 2004) .
Conclusion
Overall, Corbicula fluminea influenced 46.15% of the epibenthic crustacean and fish species (Crangon crangon, Anguilla anguilla, Carcinus maenas, Pomatoschistus microps, Syngnathus acus and S. truta fario) and 82.87% of the total individuals collected in this study. In most of the cases these species attained higher abundance in areas with higher C. fluminea densities; the only exception was C. maenas which showed a preference for sites with a low density of C. fluminea. The present study suggests that C. fluminea shells are likely to be one of the main factors responsible for the differences observed. The physical structure provided by C. fluminea, when found in densities higher than 1000 individuals/m 2 can enhance conditions for the epibenthic associated fauna.
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